Aldose reductase (AR) inhibitors have vital importance in the treatment and prevention of diabetic complications. In this study, rat kidney AR was purified 19.34-fold with a yield of 3.49% and a specific activity of 0.88 U/mg using DE-52 Cellulose anion exchange chromatography, gel filtration chromatography and 2 0 5 0 ADP Sepharose-4B affinity chromatography, respectively. After purification, the in vitro inhibition effects of some phenolic acids (tannic acid, chlorogenic acid, sinapic acid, protocatechuic acid, 4-hydroxybenzoic acid, p-coumaric acid, ferulic acid, vanillic acid, syringic acid, a-resorcylic acid, 3-hydroxybenzoic acid and gallic acid) were investigated on purified enzyme. We determined IC 50 , K i values and inhibition types of these phenolic acids. As a result, tannic and chlorogenic acid had a strong inhibition effect. On the other hand, gallic acid had a weak inhibition effect. In this study, all phenolic acids except for chlorogenic acid and p-coumaric acid showed non-competitive inhibition effects on rat kidney AR.
Introduction
Diabetes mellitus is a group of metabolic diseases characterized by high blood sugar resulting from partial or complete lack of insulin secretion. The chronic hyperglycemia of diabetes is associated with long-term diabetic complications such as retinopathy, neuropathy, cataracts, nephropathy and cardiovascular complications. Currently, diabetes is an increasingly important health problem all over the world due to the frequency of diabetes and diabetic complications. According to recent data from the International Diabetes Federation, in 2013, there were approximately 382 million people globally suffering from diabetes and this number is expected to reach 592 million an increase of 55% by the year 2030 1 . Among all diseases, diabetes-induced death ranks eighth in the world 2 . It has been reported that 5.1 million people all over the world died from diabetes and its complications in 2013 1 . In addition to being a chronic disease that threatens human health, diabetes is quite a costly disease for both individuals and countries 1 . To reduce the burden of diabetes on the individual and society, early diagnosis and the appropriate treatment of diabetes and its complications should be effected. Therefore, studies about the prevention of diabetes and its complications are very important.
Various biochemical pathways are activated under hyperglycemic conditions. Among these, the polyol pathway is the most widely studied and the most promising in order to explain the mechanisms of diabetic complications 3 . When there are excessive glucose levels, they are metabolized via the polyol pathway. This pathway involves two main enzymatic steps: the first and key enzyme aldose reductase (AR), which reduces glucose to sorbitol by using NADPH as cofactor, and the second enzyme, sorbitol dehydrogenase (SDH), converts sorbitol to fructose with NAD þ as a cofactor 4 ( Figure 1 ). In cases of diabetic complications such as retinopathy, neuropathy and nephropathy, the speed of the polyol pathway significantly increases. As a result of this, accumulation of sorbitol and its metabolites occurs in several cells including nerves, retina and kidneys due to the poor penetration across membranes and inefficient metabolism of sorbitol. Thus, both oxidative stress and osmotic stress increase in the cells depending on the development of diabetic complications. High activity of AR causes an increase in the consumption of NADPH and this causes the decrease of the activities of glutathione reductase and nitric oxide synthase. Therefore, high activity of AR causes a reduction of the intracellular GSH and NO levels. As a result, aldose reductase enzyme activity reduces the cellular antioxidant capacity [5] [6] [7] . Meanwhile, the oxidation of sorbitol to fructose by SDH leads to oxidative stress. This is because its co-factor NAD þ is converted to NADH in the process, and NADH is the substrate for NADH oxidase to generate reactive oxygen species (ROS) 8 . Fructose, which is generated from the polyol pathway, is metabolized fructose-3-phosphate (F3P) and 3-deoxyglucosone (3DG). F3P and 3DG are more potent nonenzymatic glycation agents 9, 10 . Thus, the flux of glucose through the polyol pathway would increase the advanced glycation end products (AGE) formation. It is known that AGE leads to several noxious diseases such as Alzheimer's disease, atherosclerosis, diabetes, heart failure and cancer associated with oxidative stress 11 ( Figure 2 ). As a result, studies on the determination of the aldose reductase inhibitors are gaining importance every day. Inhibitors of AR have been used in therapeutic applications in diabetic complications 7 . Some well-known AR inhibitors are epalrestat, tolrestat, zenarestat, sorbinil, zopolrestat, ponalrestat, lidorestat, fidarestat, ranirestat, quercetin, resveratrol and ADN-158 3 . The use of these inhibitors has remained limited due to the undesirable side effects 12, 13 . Therefore, the identification of new aldose reductase inhibitors and the inhibition of aldose reductase by natural chemicals are very important. In particular, studies using phenolic compounds as aldose reductase inhibitors are very popular [14] [15] [16] [17] . In recent years, there have been many studies on the isolation of phenolic compounds from traditional plants and their effects on glucose metabolism, particularly the polyol pathway [18] [19] [20] [21] [22] [23] . In the present study, we aimed to purify aldose reductase enzyme from rat kidney and to investigate the in vitro inhibitory effects of a series phenolic acids (Figure 3 ). These phenolic acids are used as antioxidant food additives, prodrugs or drugs. Tannic acid, a plant polyphenol, is also used as a food additive. Its safe dosage ranges from 10 to 400 mg, depending on the type of food to which it is added 24 . In addition, tannic acid has been shown to have antimutagenic, anticarcinogenic and antioxidant activities by G€ ulçin et al. 25 Chlorogenic acid is a natural phenolic compound that is the ester of cinnamic acids, such as caffeic acid, ferulic and p-coumaric acids. Also, it is used as food additive. For example, green or raw coffee is a major source of chlorogenic acid in nature 26 . Recently, it has been determined that chlorogenic acid has many health benefits such as reduction of the relative risk of cardiovascular disease, diabetes type 2, Alzheimer's disease, and antibacterial and anti-inflammatory activities [27] [28] [29] . Sinapic acid (3,5-Dimethoxy-4-hydroxycinnamic acid) is one of the important bioactive compounds. It is found in the plant kingdom in various fruits, vegetables, cereal grains, oilseed crops, some spices and medicinal plants 30 . Sinapic acid shows antimicrobial 31 , anti-inflammatory 32 , anticancer 33 and anti-anxiety activities 34 . Protocatechuic acid (3,4-dihydroxybenzoic acid) is a type of natural phenolic acid. Protocatechuic acid is present in most edible plants used in folk medicine. It is a compound widely found in the human diet. In particular, it presents in bran and grain brown rice (Oryza sativa L.) and onion (Allium cepa L.). It has been reported that protocatechuic acid has antioxidant, antibacterial, anticancer, antiulcer, antidiabetic, antiaging, antifibrotic, antiviral, anti-inflammatory, analgesic, antiatherosclerotic, cardiac, hepatoprotective, neurological and nephro protective activities 35 . 4-Hydroxybenzoic acid is commonly used as an additive and preservative in food processing, pharmaceuticals, beverages and cosmetic products 36 . pCoumaric acid (trans-4-Hydroxycinnamic acid) exists widely in fruits, such as apples and pears, and in vegetables and plant products, such as beans, potatoes, tomatoes and tea. p-Coumaric has antioxidant properties. It has been reported that it reduces the risk of stomach cancer by reducing the formation of carcinogenic nitrosamines 37 . Ferulic acid (4-Hydroxy-3-methoxycinnamic acid) is The relationship between oxidative stress and diabetic complications of the polyol pathway: Accelerated flux polyol pathway plays a critical role in the development of diabetic complications. Cataract is one of the diabetic complications. It is known that sorbitol accumulates in tissues and causes an increase in the osmotic pressure. Thus, water enters into the cells and swelling takes place, which can cause a cataract. Also, AR competes with glutathione reductase (GR) for their co-factor NADPH. The activity of GR is decreased when the activity of AR increased and this leading to a decrease in GSH level. Increased NADH causes NADH oxidase (NOx) to produce ROS. Fructose-3-phosphate (F-3-P) and 3-deoxyglucosone (3-DG), metabolites of fructose, increase AGE and binding of advanced glycation end product (AGE) to receptor of AGE (RAGE) increase oxidative stress widely distributed in the plant kingdom and might be found in high concentrations in foods such as navy bean, corn bran, wheat bran, eggplant, artichokes and beets. Ferulic acid has hepatic, neuro and photoprotective effects, and antimicrobial and antiinflammatory activities. It is useful in the treatments of cancer, diabetes and lung and cardiovascular diseases 38 . Vanillic acid (4-hydroxy-3-methoxybenzoic acid) is used as a food additive and is one of the main natural phenols in argan oil. Also, it is found in wine and vinegar. Vanillic acid has been associated with a variety of pharmacologic activities such as inhibiting snake venom activity, carcinogenesis, apoptosis and inflammation 39 . Syringic acid shows strong antioxidant, antiproliferative anti-endotoxic, anti-cancer activity and hepatoprotective activity 40, 41 . a-Resorcylic acid (3,5-dihydroxybenzoic acid) is found in peanuts (Arachis hypogaea), chickpeas (Cicer arietinum), red sandalwood (Pterocarpus santalinus) and hill raspberry (Rubus niveus). Studies show that a-resorcylic acid has nematicidal, antioxidant, adipocytes lipolysis inhibitory and polyphenoloxidase (PPO) inhibitory activity 42 . 3-hydroxybenzoic acid is found in common plants such as grapefruit (Citrus paradisi), olive oil (Olea europaea) and medlar fruit (Mespilus germanica). It has glucosylating activity 43 . Gallic acid is an endogenous plant polyphenol. It is found abundantly in tea, grapes, berries and other fruits as well as in wine. Gallic acid is a powerful antioxidant and it has anti-inflammatory, antimutagenic and anticancer properties 44 .
Experimental
Chemistry Tannic acid, chlorogenic acid, sinapic acid, salicylic acid, protocatechuic acid, 4-hydroxybenzoic acid, p-coumaric acid, ferulic acid, vanillic acid, syringic acid, a-resorcylic acid, 3-hydroxybenzoic acid, gallic acid, protein assay reagents, NADPH, DL-glyceraldehyde and 2 0 5 0 -ADP Sepharose 4B were obtained from Sigma-Aldrich Co. (Sigma-Aldrich Chemie GmbH Export Department Eschenstrasse 5, 82024 Taufkirchen, Germany). All other chemicals were analytical grade and obtained from Merck (Merck KGaA Frankfurter strasse 250, D 64293 Darmstadt, Germany).
Homogenate preparation and ammonium sulphate precipitation
Approximately 15 g of rat liver was homogenized in 45 ml of 10 mM Na-phosphate buffer (pH 7.4). The homogenate was centrifuged 13.500 Â g for 60 min. Supernatant was used for following studies. The supernatant suspension was precipitated with ammonium sulphate. The precipitation intervals were 0%-70% for AR enzyme. The precipitate was collected by centrifugation at 13.500 Â g for 30 min and redissolved in a 10 mM Na-phosphate buffer (pH 7.4). The solution was dialyzed against 10 mM Na-phosphate buffer (pH 7.4) containing 5 mM 2-mercaptoethanol. Aldose reductase activity assay Aldose reductase activity was assayed by following the absorbance decrease of NADPH at 340 nm spectrophotometrically. About 1 ml total volume of the enzymatic reaction mix contained 0.8 M Naphosphate buffer (pH ¼5.5), 4.7 mM DL-glyceraldehyde, 0.11 mM NADPH and enzyme solution 45 .
Purification of aldose reductase from rat kidney
The dialyzed enzyme solution was loaded onto the DE-52 Cellulose anion exchange column previously equilibrated with 10 mM Na-phosphate buffer (pH 7.4). The enzyme did not interact with anion exchange column and eluted with the same buffer. Eluted fractions were collected, and the enzyme activity was checked at 340 nm. The fractions with the enzyme activity were pooled and mixed with glycerol. Then this enzyme solution was loaded onto the Sephadex G-100 column equilibrated with 10 mM Na-phosphate buffer (pH 7.4). Fractions were analyzed for both protein amount (280 nm) and enzyme activity (340 nm).
Fractions from the Sephadex G-100 was loaded onto the 2 0 5 0 -ADP Sepharose 4B affinity column equilibrated with 10 mM Naphosphate buffer (pH 7.4), subsequently. The column was washed with 10 mM Na-phosphate buffer (pH 7.4) and then elution was performed with linear gradient of 0.2-2.5 mM NaCl. The enzyme activity was checked at 340 nm in collected fractions, and the tubes with enzyme activity were combined. All purification procedures were performed at 4 C. SDS polyacrylamide gel electrophoresis was done to the control of enzyme purity.
Protein determination
During the purification steps, quantitative protein determination was done by measuring the absorbance at 595 nm according to Bradford, using bovine serum albumin as a standard 46 .
SDS-polyacrylamide gel electrophoresis
Enzyme purity was controlled according to Laemmli's procedure. The procedure includes two different acrylamide concentrations as 3% and 8% for running and stacking gel, respectively 47 . The experiment was done as our previous studies 4, 48 . SDS-PAGE gel was stained with silver reagent. The electrophoretic pattern was photographed (Figure 4) .
In vitro inhibition studies
In inhibition studies, aldose reductase activity was assayed by following the change in absorbance at 340 nm, spectrophotometrically. One millilitre of the reaction mix contained 0.2 M Naphosphate buffer (pH ¼ 6.2), 10 mM DL-glyceraldehyde, 0.5 mM NADPH and enzyme solution 45 . AR activity was measured in the presence of different concentrations of phenolic acids. A control sample without inhibitor was taken as 100%, and for each inhibitor, an Activity%-[Inhibitor] graphs were drawn. IC 50 values were determined from Activity%-[Inhibitor] graphs. For determination of the K i constant, three different phenolic acid concentrations were used, and DL-glyceraldehyde was also used as a substrate at five different concentrations. K i constant obtained from the Lineweaver-Burk graph (1/V-1/[S]), and all inhibition type was found for all phenolic acids. Analysis of data obtained was made by t-test and they are given as X ± SD.
Results and discussion
It is well known that polyol pathway activity increases in cases of hyperglycemia. Aldose reductase, the first and rate-limiting enzyme in the polyol pathway, has been implicated in the aetiology of complications in diabetes such as neuropathy, nephropathy, retinopathy and cataractogenesis 49 . Thus, aldose reductase inhibitors are potential therapeutic candidates in the treatment and prevention of diabetic complications 50, 51 . Therefore, discovery of new and reliable aldose reductase inhibitors is required to improve the quality of life of diabetic patients by preventing complications.
In light of the above information, in the current study, one of the major goals was to investigate the in vitro inhibition effects of some phenolic acids on rat kidney aldose reductase enzyme activity. For this purpose, aldose reductase enzyme was purified from rat kidney using simple and rapid chromatographic methods. Up to now, aldose reductase has been purified from many different sources with different yields and purification folds by using distinct chromatographic techniques. For example, Wermuth et al. 52 purified AR from human brains using DEAE-cellulose, Sephadex G-100 and blue sepharose chromatography techniques. In two other studies, human erythrocyte and human placenta AR enzymes were purified using ion-exchange chromatography, chromatofocusing, affinity chromatography, sephadex gel filtration 53 and red sepharose affinity chromatography, chromatofocusing and high performance liquid chromatography on a size-exclusion column 54 , respectively. In a previous study, we isolated AR with 19.34-fold from rat kidney, a yield of 3.49% and a specific activity of 0.88 U/mg using DE-52 Cellulose anion exchange chromatography, gel filtration chromatography and 2 0 5 0 ADP Sepharose 4B affinity chromatography, respectively (Table 1) . Additionally, purity of the enzyme was controlled using SDS-PAGE. The purified enzyme had a single band at around 39 kDa (Figure 4 ). Our purification results indicate proximity with the results in the literature 55 . After the purification step, the inhibitory effects of some phenolic acids (tannic acid, chlorogenic acid, sinapic acid, protocatechuic acid, 4-hydroxybenzoic acid, p-coumaric acid, ferulic acid, vanillic acid, syringic acid, a-resorcylic acid, 3-hydroxybenzoic acid and gallic acid) were investigated in vitro.
To describe inhibitory effects, researchers often list an IC 50 value; however, a more suitable measure is the Ki constant. Both the IC 50 and K i parameters of some phenolic acids were determined in this study from Activity%-[Inhibitor] graphs and Lineweaver-Burk graphs (1/V-1/[S]), respectively. The IC 50 values were found by Activity%/[Inhibitor] graphs to be 0.5 mM, 5.47 mM, 0.033 mM, 0.048 mM, 0.05 mM, 0.057 mM, 0.069 mM, 0.086 mM, 0.095 mM, 0.11 mM, 0.15 mM and 0.176 mM for tannic acid, chlorogenic acid, sinapic acid, protocatechuic acid, 4-hydroxybenzoic acid, p-coumaric acid, ferulic acid, vanillic acid, syringic acid, a-resorcylic acid, 3-hydroxybenzoic acid and gallic acid, respectively. According to the results, the order of the inhibitors is as follows: tannic acid > chlorogenic acid > sinapic acid > protocatechuic acid> 4-hydroxybenzoic acid > p-coumaric acid > ferulic acid > vanillic acid > syringic acid> a-resorcylic acid > and 3-hydroxybenzoic acid > gallic acid (Table 2 ). For determination of the K i constants, three different phenolic acid concentrations were used for each compound, and DL-glyceraldehyde was also used as a substrate at five different concentrations. K i constants were obtained from the Lineweaver-Burk graph (1/V-1/[S]), and inhibition type was found for each phenolic acid.
Tannic acid has been identified in the literature as a potent inhibitor of human placental aldose reductase and the inhibition type of tannic acid was found as mixed type 56 . In our study, the tannic acid showed a potent inhibition effect for rat kidney aldose reductase but its inhibition type is a non-competitive. K i value for tannic acid was found to be 0.598 mM. According to these results, we can say that the enzyme obtained from different sources may cause different inhibition results. Chlorogenic acid has an antidiabetic effect in diabetic animal models and it has an inhibitory effect on aldose reductase enzyme as identified in literature 57 . However, there is no information about the inhibition type and the inhibition mechanism. Hence, in this study, we have identified K i value and inhibition type of chlorogenic acid for rat kidney aldose reductase. Chlorogenic acid showed mixed type inhibition. K i and K i ' values were found to be 1.563 mM and 28.05 mM, respectively.
Sinapic acid, p-coumaric acid and ferulic acid are natural hydroxycinnamic acid derivatives. The literature has shown that these hydroxycinnamic acid derivatives have an inhibition effect on aldose reductase enzyme activity 18 but inhibition mechanisms were not reported. In this study, we investigated the inhibition types of sinapic acid, p-coumaric acid and ferulic acid on rat kidney aldose reductase. Sinapic acid and ferulic acid showed non-competitive inhibition while p-coumaric acid exhibited uncompetitive inhibition. K i values of Sinapic acid, p-coumaric acid and ferulic acid were found to be 0.0434 mM, 0.0531 mM and 0.0725 mM for rat kidney aldose reductase, respectively.
Protocatechuic acid, a-resorcylic acid and Vanillic acid are types of dihydroxybenzoic acid derivatives. It is clear from earlier studies that protocatechuic acid 58 and vanillic acid 18 have antiglycative effects and an inhibition effect on aldose reductase enzyme activity. However, their inhibition mechanisms are not conclusive.
In addition, the inhibitory effect of a-resorcylic acid on aldose reductase enzyme activity is not known in the literature. In the present study, we determined K i values and inhibition type of protocatechuic acid and vanillic acid and a-resorcylic acid for rat kidney aldose reductase. They exhibited non-competitive inhibition, and K i values were found to be 0.0463 mM, 0.103 mM and 0.127 mM, respectively.
Gallic acid and syringic acid are trihydroxybenzoic acids. It has been determined that they showed an inhibitory effect on aldose reductase enzyme activity in many studies 18 . However, their inhibition mechanisms were not disclosed. In this study, we determined inhibition types and K i values of these trihydroxybenzoic acids. Both of them exhibited non-competitive inhibition. K i values of gallic acid and syringic acid were found to be 0.219 mM and 0.107 mM, respectively.
4-Hydroxybenzoic acid and 3-Hydroxybenzoic acid are monohydroxybenzoic acids. In the literature, it has been determined that 4-hydroxybenzoic acid has an inhibitory effect on aldose reductase enzyme activity 18 but the effect of 3-hydroxybenzoic acid on aldose reductase enzyme is unknown. We determined inhibition types of this monohydroxybenzoic acid as non-competitive, and K i values of 4-hydroxybenzoic acid and 3-hydroxybenzoic acid were found to be 0.0522 mM and 0.176 mM, respectively.
The inhibition can be determined as a result of IC 50 and K i studies. If IC 50 and K i values of an inhibitor are smaller, its inhibition effect will be higher. According to this, tannic acid (K i of 0.598 mM) and chlorogenic acid (K i of 1.563 mM, K i ' of 28.05 mM) have a strong inhibition effect. Gallic acid (K i of 0.219 mM) also had a weak inhibition effect on rat kidney aldose reductase enzyme compared to other phenolic acids in the present study (Table 2) . Many -OH groups in the structure of tannic acid may cause potent inhibitory effects compared to the structures of the other phenolic compounds. In this study, all phenolic acids except chlorogenic acid and p-coumaric acid showed non-competitive inhibition on AR enzyme activity ( Figure 5) . A non-competitive inhibitor shows its inhibitory effect by decreasing the turnover rate or catalytic activity of the enzyme. Considering the structural similarity between the used compounds, it can be seen corelation among their inhibition effects. Chlorogenic acid exhibited mixed-type inhibition while p-coumaric acid showed uncompetitive inhibition. According to this result, chlorogenic acid leads to inhibition by binding to the free enzyme or enzyme substrate complex and p-coumaric acid causes inhibition by only binding to the enzyme-substrate complex. Therefore, to suggest a specific binding mechanism is difficult for these phenolic compounds. It is planned more comprehensive studies on this mechanism. 
Conclusions
In conclusion, some enzymes in the glucose metabolism are drugtargets. It is well known that the polyol pathway is also a small and vital metabolic route of the glucose metabolism. This is because a lot of metabolic disorders, especially diabetic complications, are associated with this pathway. Therefore, discovery of new and natural aldose reductase inhibitors is required to improve the quality of life of diabetic patients by preventing diabetic complications.
In this study, we examined the in vitro inhibition effects of some phenolic acids on AR enzyme activity and we showed that some phenolic acids could be potent inhibitors of AR. We believe that these results may be helpful to elucidate the inhibition mechanism of these phenolic acids. Moreover, we consider that these results may be important in identifying new AR inhibitors and may also provide more effective and better therapeutic agents for diabetic complications in the future Figure 5 . A: Lineweaver-Burk graph and inhibition mechanism of tannic acid using three different tannic acid concentrations for determination of K i and inhibition type. B: Lineweaver-Burk graph and inhibition mechanism of chlorogenic acid using three different chlorogenic acid concentrations for determination of K i and inhibition type. C: Lineweaver-Burk graph and inhibition mechanism of p-coumaric acid using three different p-coumaric acid concentrations for determination of K i and inhibition type.
